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We report on how nanocrystal size affects the critical behavior of the rare-earth metal Gd near
the ferromagnetic-to-paramagnetic phase transition. The asymptotic critical behavior of the coarse-
grained polycrystalline sample (with an average crystallite size of L ∼= 100µm) is that of a (pure)
uniaxial dipolar ferromagnet, as is the case with single-crystal Gd, albeit the width of the asymptotic
critical region (ACR) is reduced. As the grain size approaches ∼ 30 nm, the ACR is so narrow that
it could not be accessed in the present experiments. Inaccessibly narrow ACR for L ∼ 30 nm and
the continuous increase in the width of ACR as L decreases from 16 nm to 9.5 nm basically reflects
a crossover to the random uniaxial dipolar fixed point caused by the quenched random-exchange
disorder prevalent at the internal interfaces (grain boundaries).
PACS numbers: 75.40.-s; 75.50.Tt; 75.75.-c
For a long time, the rare-earth metal Gd was con-
sidered to be an archetypal isotropic three-dimensional
(d = 3) Heisenberg ferromagnet for twofold reasons.
First, magnetocrystalline anisotropy (MCA) is expected
to be extremely weak [1] since Gd is made up of pure
S-state Gd3+ ions with L = 0. Second, isotropic
Rudermann-Kittel-Kasuya-Yosida (RKKY) interactions,
which mimic the Heisenberg form, couple the magnetic
moments localized at the sites of the hexagonal closed-
packed (hcp) lattice of Gd. During the past decade, the-
oretical efforts to understand the physical origin of ob-
served MCA [2, 3], ferromagnetic ground state [4, 5] and
unusually large volume magnetostriction near the Curie
temperature, TC , [6] have resulted in substantial modifi-
cations to the long-held simplistic picture (d = 3 Heisen-
berg ferromagnet) of Gd. Consequently, the significant
contribution of long-range dipole-dipole interactions to
MCA as well as to polarizing the localized 4f spins, and
the polarization of the 5spd and 6s conduction-band elec-
tron spins due to RKKY coupling to the localized 4f
spins is now well established. Another important recent
development is the resolution [7] of the basic issue of
whether Gd is a ferromagnet with a collinear spin struc-
ture or an antiferromagnet with a helical spin arrange-
ment, akin to other heavy rare-earth metals at tempera-
tures ranging between the spin-reorientation temperature
TSR = 230K and TC = 292.77K [7, 8].
The long-standing (spanning nearly four decades) con-
troversy [9] about the asymptotic critical behavior of
Gd near the ferromagnetic (FM) to paramagnetic (PM)
phase transition has finally been put to rest by demon-
strating [10, 11] that single power laws alone cannot ad-
equately describe the observed temperature variations of
spontaneous magnetization, M(T, 0), and intrinsic sus-
ceptibility, χ(T ), in the asymptotic critical region (ACR),
but do so only when the multiplicative logarithmic cor-
rections to these power laws, predicted by RG calcula-
tions for a d = 3 uniaxial dipolar ferromagnet [12, 13], are
taken into account. To be more specific, zero-field elec-
trical resistivity/specific heat, CH=0, [14, 15], M(T, 0)
and χ(T ), taken along the c-axis (easy direction of mag-
netization) of a high-purity Gd single crystal, respec-
tively follow the RG-predicted temperature variations,
CH=0 ∼ |ε|
−α |ln ε|1/3, with ε = (T −TC)/TC and α = 0,
M(T, 0) ∼ (−ε)β |ln |ε||
1/3
, with β = 0.5, and
χ−1(T ) = Γ−1p ε
γ |ln ε|
−x
, (1)
over two decades in reduced temperature. For instance,
Eq. (1) is obeyed in the ACR 5.1×10−5 ≤ ε ≤ 2.05×10−3
for ε > 0, with TC = 292.77(1)K, γ = 1.0008(5), and
x = 0.329(1) [10, 11]. Thus, Gd (single crystal) belongs
to the d = 3 uniaxial dipolar universality class and will
henceforth be referred to as the pure uniaxial dipolar
(PUD) ferromagnet. In essence, experiment (theory) has
so far employed single crystal hcp Gd metal (idealized
imperfection-free model systems).
A field of growing research activity relates to the influ-
ence of quenched randomness, i.e., compositional, topo-
logical, bond- and/or site-disorder, as well as confine-
ment, proximity, and symmetry breaking on magnetic
properties [16–24]. Remarkable effects are routinely ob-
served in real magnetic materials where free surfaces, in-
ternal interfaces, line and point defects, local composi-
tion fluctuations, and preparation history form integral
parts of the material’s microstructure. The effects of ran-
domness on second order phase transitions have been a
subject of sustained interest [25–32]. In this context, the
celebrated “Harris criterion” [33] provides general guide-
lines, i.e., (i) the addition of short-range disorder to a
non-random (pure) system, which undergoes a second-
2order phase transition, should not affect the sharpness of
the transition (hence leave the critical exponents unal-
tered), if the specific-heat critical exponent of the pure
system is αp < 0, and (ii) a crossover to a new type of
(random) critical behavior could occur, if αp > 0. Since
the specific heat of pure d = 3 uniaxial dipolar ferromag-
net (e.g., Gd) diverges asymptotically as |ln ε|
1/3
, accord-
ing to the Harris criterion (ii) [33], adding quenched ran-
domness/disorder to PUD ferromagnet should result in
a new type of asymptotic critical behavior. Indeed, RG
calculations [34, 35], based on the quenched-random ex-
change Ising model (which includes both quenched site-
and bond-diluted models) with dipolar interactions, yield
the multiplicative corrections to the leading singular be-
havior in susceptibility and specific heat at TC that are
drastically different from their PUD counterparts. For in-
stance, they predict the intrinsic susceptibility for ε > 0
as
χ−1(T ) = Γ−1r ε
γ exp
(
−
√
D |ln ε|
)
, (2)
with the mean-field value of γ = 1 and a universal
constant D ∼= 0.113 [35]. The asymptotic critical be-
havior, now characterized by the new correction term
exp(−
√
D | ln ε|), has been assigned a new universality
class, namely, the random uniaxial dipolar (RUD) uni-
versality class.
The main objective of the present study is to ascer-
tain whether or not the quenched randomness/disorder
present in nanocrystalline (NC) Gd metal gives rise to
deviations from the PUD behavior and if so, can the
asymptotic leading singularity be identified and a uni-
versality class assigned to a possible new fixed point?
Before presenting the experimental details, we shortly
digress into specifying the type of randomness/disorder
in NC Gd. It is a polycrystalline aggregate made up
of randomly oriented nanometer-sized grains embedded
in a manifold of grain boundaries (GBs). The core re-
gion of such GBs accommodates the atomic mismatch
between adjacent but differently oriented nanocrystal-
lites. The atomic site mismatch in the GBs gives rise
to random site disorder that translates into random ex-
change interaction, whereas the uniaxial anisotropy axis,
oriented along the c-axis of hcp crystal structure in each
individual nanocrystal, varies randomly from grain to
grain leading to a random distribution of easy axes in
the grain ensemble. The structural correlation length of
such nanocrystallites, i.e., the grain size, L, can be var-
ied depending on preparation and subsequent annealing
conditions. NC Gd may, thus, be considered as a model
system to study the influence of random site disorder and
randomness in uniaxial anisotropy on the FM-PM phase
transition. The control parameter L permits manipula-
tion of the strength of quenched random site disorder as
well as the degree of randomness of anisotropy. Actually,
these quantities are coupled, since both scale as L−1 [36].
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FIG. 1. (Color online) Real part of the ac-susceptibility of
different nanocrystalline Gd samples as a function of temper-
ature.
Several plausible scenarios for phase transition in NC
Gd that can be invoked are: (A) The specific type of
randomness and disorder present in NC Gd has no ef-
fect on the PUD universality class, but only the non-
universal quantities (TC and critical amplitudes) get al-
tered. (B) The transition is smeared [27–31]. (C) If
the random anisotropy dominates the critical behavior,
a crossover from the (pure) uniaxial dipolar fixed point
to an isotropic dipolar fixed point may occur. (D) If,
on the other hand, the quenched random site disorder,
prevalent at grain surfaces/interfaces and in the core re-
gions of GBs, controls the asymptotic critical behavior,
NC Gd should behave as a RUD ferromagnet in the ACR.
Furthermore, this scenario becomes more probable as L
reduces.
In order to unravel the asymptotic critical behavior of
NC Gd, ac-susceptibility, χac, was measured as a function
of temperature in steps of 20−40mK, particularly in the
critical region, at the ac driving field of typical amplitude
1Oe and frequency 100Hz on several NC Gd samples of
different grain sizes, using Quantum Design PPMS mag-
netometer. Details of sample preparation and character-
ization are furnished in [18, 23]. Figure 1 depicts the real
part of χac(T ), χ
′(T ), for three representative samples
with a view to highlight the relevance of grain size to the
magnetic behavior. After correcting χ′(T ) for demag-
netization to arrive at the intrinsic susceptibility, χ(T ),
the so-called “range-of-fit” (ROF) analysis, detailed in
[10, 11], is used to determine the effective (denoted by
the subscript “eff”) and asymptotic amplitudes and crit-
ical exponents, appearing respectively in the single power
law (SPL), χ−1(T ) = Γ−1eff ε
γeff , and Eqs. (1) and (2).
Figure 2 displays the temperature variations of the ef-
fective, γeff , and asymptotic, γ, critical exponents for
susceptibility, obtained from the ROF analysis [10, 11],
based on SPL and PUD expressions, for the coarse-
grained (L = 100µm) Gd sample. Note that the logarith-
mic correction exponent x in Eq. (1) is kept constant at
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FIG. 2. (Color online) Temperature variations of the effective,
γeff , and asymptotic, γ, susceptibility critical exponents for
coarse-grained Gd with L = 100µm, deduced from the ROF
analysis based on the SPL and PUD [Eq. (1)] expressions,
respectively, with TC fixed at 291.917 K.
the RG value x = 1/3 in the ROF analysis, which yields
the same value TC = 291.917(3)K for TC , within the
uncertainty limits, in both SPL and PUD cases. From
the data presented in Fig. 2 it is evident that the ex-
ponent γeff (SPL) as well as γ (PUD) are very close to
the mean-field value of 1 for temperatures up to a well-
defined crossover (“co”) temperature, εco = 1.5 × 10
−3,
beyond which they increase steeply. The temperature
range 0 < ε < εco equals the width of the ACR. The
observation that γeff → 1 as ε → 0 is a strong indica-
tion of the (pure) uniaxial dipolar behavior in the ACR.
Further support for this inference comes from the follow-
ing result. Consistent with the RG prediction that, in
the asymptotic limit ε → 0, critical amplitudes and ex-
ponents should attain constant values, e.g., γ = 1.0 in
the PUD case, Γ−1p and γ = 1.0001(7) have less scatter
(Fig. 3) than Γ−1eff and γeff = 0.999(3) within the ACR.
As evidenced from the results of the SPL-ROF anal-
ysis displayed in Fig. 4 (cf. Fig. 2), γeff(ε) exhibits a
completely different behavior in the NC Gd sample with
L = 25.6 nm as compared to coarse-grained Gd. For
this sample, there is no clear indication of an asymp-
totic critical behavior. Instead, γeff tends to approach
1 when ε < 4.9 × 10−4 (the temperature closest to
TC = 285.63K in the experiment) and attains the value
γeff = 1.35(5) on either side (i.e., in the temperature
ranges 7.4 × 10−4 ≤ ε ≤ 8.7 × 10−4 and 1.8 × 10−3 ≤
ε ≤ 3.5 × 10−3) of the minimum [γeff(εmin) = 1.25(5)]
occurring at εmin = 1.17 × 10
−3. Such non-monotonous
temperature variation of γeff is indicative of a series of
crossovers in the critical region, which result from an in-
terplay between the different types of interactions.
For a PUD ferromagnet, the RG calculations [12, 13]
predict the sequence of crossovers uniaxial dipolar (UD)
−→ isotropic dipolar (ID) −→ isotropic short-range
Heisenberg (IH) −→ Gaussian regime, as the temper-
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FIG. 3. (Color online) Temperature variations of the effec-
tive, γeff(ε), and asymptotic, γ(ε), critical exponents (top
panel) and of the corresponding inverse critical amplitudes
Γ−1
eff
(ε) and Γ−1p (ε) (bottom panel) for coarse-grained Gd
(L = 100µm) in the asymptotic critical regime (ε < εco).
ature increases from TC . According to the RG treat-
ment [37, 38] of ferromagnets with isotropic short-
range Heisenberg and long-range dipolar interactions,
the characteristic experimental signature [39] for the ID-
IH crossover is a well-defined minimum in γeff(ε) (at
εdip with γeff(εdip) ≃ 1.28) that separates the asymp-
totic ID regime (characterized by the critical exponent
γID = 1.372) from the IH regime (with γIH = 1.365). A
direct comparison between theory and experiment, thus,
reveals that in the present experiments on the sample
with L = 25.6 nm, the asymptotic PUD regime could not
be accessed as it is extremely narrow and lies well be-
low ε = 4.9× 10−4; otherwise, the observed temperature
variation of γeff conforms well with the RG predictions.
The behavior of γeff(ε) similar to that found in the sam-
ple L = 25.6 nm is also observed in L = 34 nm (data not
shown) and even in the latter case, PUD ACR remained
inaccessible although the TC = 287.22K was approached
as closely as ε = 4.7× 10−4.
With reference to the coarse-grained specimen, the be-
havior of L = 25.6 nm seems to suggest that the reduction
in the grain size by 4 orders of magnitude weakens the ef-
fective uniaxial anisotropy to some extent, but promotes
the quenched random-exchange disorder (QRD) at grain
surfaces/interfaces and in GBs, such that, at such grain
sizes, L ∼= 25− 34 nm, QRD has a strength just sufficient
to qualify as a relevant perturbation (or a relevant scaling
field in the RG sense) which, in turn, renders the PUD
fixed point unstable and causes a crossover to the RUD
fixed point. ACR is thus so narrow as to remain inacces-
sible to experiments. If this line of argument is pursued,
the RUD ACR is expected to progressively increase in
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FIG. 4. Temperature variation of the effective susceptibility
critical exponent γeff(ε) for NC Gd (L = 25.6 nm), obtained
from the ROF analysis based on the single power law.
width as a result of increasing QRD with decreasing L.
Consistent with this expectation, we observe that the
width of the RUD ACR increases continuously as the
grain size reduces from L = 16 nm (data not shown) to
L = 9.5 nm; the upper bound of the RUD ACR increases
from εco = 2.5×10
−3 with TC = 285.481K for L = 16 nm
to εco = 8.6× 10
−3 with TC = 252.335K for L = 9.5 nm.
Figure 5 displays the temperature variations of γeff and
γ that the ROF analysis, based on the SPL and the RUD
[Eq. (2)] expressions, yields for the NC Gd sample with
L = 9.5 nm, when TC is fixed at 252.335K. Judging
by the reduced sum of deviation squares, we find that
the SPL does not describe χ−1(T ) as accurately as the
RUD expression [Eq. (2)] in the ACR (Fig. 6, top panel).
The middle and bottom panels of Fig. 6 show the re-
sults of the ROF analysis of the χ−1(T ) data (the top
panel), based on the SPL (the effective critical ampli-
tude, Γ−1eff , and critical exponent, γeff) and the RG RUD
(the asymptotic critical amplitude, Γ−1r , and critical ex-
ponent, γ) expressions. Inclusion of the multiplicative
logarithmic correction, besides the leading single power
law, i.e., Eq. (2), vastly improves the robustness of the
fitting parameters against the variation in the tempera-
ture range of the fit (ACR being the largest fit range);
e.g., compare Γ−1eff = 0.55(20) with Γ
−1
r = 1.13(4) and
γeff = 1.035(35) with γ = 1.0002(8). But for the change
in the ACR width with L, these results are representa-
tive of the samples with L = 12 nm and L = 16 nm as
well (data not shown). In stark contrast to the extremely
narrow ACR in the L = 34 nm and L = 25.6 nm samples,
the ACR widens at smaller grain sizes. A plausible ex-
planation for this observation has already been provided.
For the discussion of our results, we treat the
single-crystalline (SC) Gd metal as the reference state
with regard to structure and FM-PM phase transition.
The change of microstructure from single-crystalline to
coarse-grained polycrystalline Gd with a grain size of
100µm leads to a slight narrowing of the ACR from
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FIG. 5. (Color online) Temperature variations of the effective,
γeff , and asymptotic, γ, susceptibility critical exponents for
the NC Gd sample with L = 9.5 nm, deduced from the ROF
analysis based on the SPL and RUD [Eq. (2)] expressions,
respectively, with TC fixed at 252.335K.
FIG. 6. (Color online) Top panel: The best RUD fit (contin-
uous curve) to the inverse intrinsic susceptibility, χ−1(T ), of
NC Gd with L = 9.5 nm in the ACR (ε < εco). Temperature
variations of the effective and asymptotic critical exponents
γeff(ε) and γ(ε) (middle panel), and of the corresponding in-
verse critical amplitudes Γ−1
eff
(ε) and Γ−1r (ε) (bottom panel)
in the ACR.
5εco = 2.05 × 10
−3 to εco = 1.5 × 10
−3, but leaves the
PUD asymptotic critical behavior unaltered. Assuming
that the spin-spin correlation length ξ (the distance over
which the order-parameter fluctuations are correlated)
grows well beyond L due to sufficiently strong spin cou-
pling across the GBs but does not reach the system size
at T = TC (as contrasted with SC Gd, wherein ξ diverges
at TC), the effective uniaxial anisotropy weakens due to
the averaging over the random crystal orientations within
the spin-correlated volume (∼ ξ3) with the result that the
ACR of the UD ferromagnet shrinks. However, as L ap-
proaches the nanometer range, the number of atoms (and
hence spins) at the grain surface increases rapidly at the
cost of the atoms within the core. Consequently, QRD
picks up in strength and, beyond a threshold, causes a
crossover from the PUD to RUD asymptotic critical be-
havior. In NC Gd, this threshold is reached at L ∼= 34 nm
and the RUD behavior in the ACR is found in the sam-
ples with L ∼= 9.5− 16 nm (Figs. 5 and 6).
In summary, an elaborate analysis of the intrin-
sic magnetic susceptibility reveals that, as is the case
with single-crystalline Gd, the asymptotic critical be-
havior of polycrystalline coarse-grained Gd (grain size:
∼ 100µm) in the critical region near the paramagnetic-
to-ferromagnetic phase transition is that of a (pure) uni-
axial dipolar ferromagnet. For nanocrystalline Gd with a
grain size of ∼ 30 nm, asymptotic critical behavior could
not be discerned, which we believe is due to a crossover
to the random uniaxial dipolar fixed point with an ex-
tremely narrow critical region. At grain sizes . 16 nm,
nanocrystalline Gd behaves as a random uniaxial dipo-
lar ferromagnet in the asymptotic critical region and it
belongs to the random uniaxial dipolar universality class.
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